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ABSTRACT 
 
The combination of an ever-increasing population and a diminishing usable water supply 
threatens the sustainability of humanity’s existence on a global scale, especially in California, 
where agriculture is so integral to the state’s economy.  Due to widespread recognition of this 
problem, there has been a growing trend in the development of alternative water resources, one 
of which involves the desalination of salt or brackish waters.  Several different desalination 
technologies exist, including microfiltration, multi-stage flash, and multi-effect distillation. 
This senior project investigates the economic viability of implementing reverse osmosis 
desalination for treatment of agricultural wastewater or other unusable water sources.  These 
water sources might include brackish groundwater or municipal wastewater.  The capital and 
operational costs of implementing such technology were compared to the delivery prices for 
existing water sources in the San Joaquin and Coachella Valleys and along the Central California 
Coast.  Along with the costs associated with each option, the environmental, social, and political 
concerns were considered, as well. 
Field visits and personal interviews of current desalination plant operators, in conjunction with 
desalination pricing, were compared to the current cost of irrigation water delivery in the San 
Joaquin and Coachella Valleys, as well as the Central California Coast.  The results showed that 
the cost of desalination, while significantly less expensive in the past few years, was still too 
great to offset the relatively low prices of irrigation water delivery.  The concern of brine 
disposal in the Central and Southern California Valleys also poses environmental problems.  
Although desalination is not currently economically viable, it seems only a matter of time before 
either the cost of water becomes too great or the cost of desalination becomes affordable.
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INTRODUCTION 
 
California’s current population of 35 million is expected to increase by approximately 12 million 
by the year 2030, which will impact the state’s water demands significantly (Karajeh et al 2005).  
Agricultural irrigation represents a considerable portion of fresh water demand, with an 
estimated 65% global water demand and nearly 90% of the water demand in California (Abu-
Zeid 1998). This creates a challenge for water supply reliability and availability as technologies 
shift from the construction of new dams, reservoirs and conveyance canals, and move toward 
water conservation and reclamation.  As a result, saltwater and brackish water reverse osmosis 
desalination is becoming of greater interest, largely because technological advances have caused 
the cost of membranes to decrease dramatically (Karajeh et al 2005). In the same time that 
desalination costs have been declining, the costs of surface and groundwater have been 
increasing, making desalination a more competitive source of water for both municipal and 
agricultural purposes (Beltrán and Koo-Oshima 2004). 
A study by Sorour et al (1992) investigated various desalination technologies for agricultural 
drainage water applications.  The study ranked reverse osmosis (RO) desalination as the highest 
performing desalting technology, when compared to ion exchange, electrodialysis and vapor 
compression.  This high ranking was due to lower desalting costs, higher tolerance to changes in 
salinity, and ability to remove dissolved organics.  Per the results of the study, reverse osmosis 
desalination became the recommended technology for agricultural drainage desalination (Sorour 
et al. 1992).  
The process of reverse osmosis is, simply stated, the removal of contaminants by pushing water 
through a membrane with the use of hydraulic pressure (Solt and Shirley 1991).  RO membranes 
are generally nonporous and will pass water, while retaining most solutes, including ions. The 
separation of salts and other minerals from the water is achieved by reversing the natural osmotic 
flow with the application of pressure to the side of the concentrated solution as illustrated in 
Figure 1 (Vigneswaran et al 2004).   
  
Figure 1. Reverse osmosis principle (Fritzmann et al. 2007). 
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Reverse osmosis is one of many processes—including electrodialysis, ultra-filtration, micro-
filtration, etc.—that can be used to purify water for a wide number of applications.  Compared to 
other processes, RO has proven to be much more successful for water purification, and has thus 
become the most widely used desalting process for both seawater and brackish water sources. 
Depending on the specific membrane used, RO is able to remove 90-98% of all dissolved salts, 
organic molecules, microorganisms, colloids and suspended matter (Solt and Shirley 1991), and 
is capable of rejecting particles with diameters as small as 0.0001 µm (Taylor and Jacobs 1996). 
Reverse osmosis membranes are engineered into a single operation unit, referred to as a module, 
of which there are several different types.  Four major types of modules are produced: plate and 
frame, spiral wound, tubular and hollow fiber (see Figure 2).  Plate and frame modules are 
Figure 2. Schematic representation of four membrane modules: (a) plate and frame; (b) spiral 
module; (c) tubular module; (d) hollow fiber (Aptel and Buckley 1996). 
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composed of stacked flat-sheet membranes and support plates.  These modules are designed to 
work similar to a filter press as they circulate feed water between the membranes of two 
contiguous plates.  Spiral wound modules consist of two flat-sheet membranes enveloped and 
enclosing a flexible porous sheet, or permeate collector.  The open end of the envelope is 
connected and rolled spirally around a perforated tube, where permeate is collected. One of the 
simplest reverse osmosis configurations is the tubular module, where a membrane is cast on the 
inside wall of a porous support tube.  Permeate flows through the membrane and out of the 
module while the concentrate is flushed through the tubes.  Finally, hollow fiber modules 
typically consist of bundles of several thousand (or up to several million) fibers through which 
feed water is conveyed (Aptel and Buckley 1996). 
The transfer of water over the membrane in a reverse osmosis module is governed by Fick’s First 
Law of Diffusion (Equation 1), which provides that the diffusion flux across a membrane is 
directly proportional to the concentration gradient, or  ఋఝ
ఋ௫
 (Vigneswaran et al 2004). 
     ܬ ൌ  െܦ௜
ఋఝ
ఋ௫
             (1) 
    Where: 
     J = the diffusion flux  
      (amount of substance per unit area per unit time) 
Di = the diffusion coefficient or diffusivity  
φ = concentration 
x = length 
It can be seen that an increase in the concentration gradient would result in a decrease in the flow 
across a membrane (Vigneswaran et al 2004). Additionally, the pressure required by the RO 
system must be great enough to first overcome the osmotic potential pressure (caused by the 
difference in concentrations of the solutions on either side of the RO membrane), and then to 
drive the flow of feed water through the membrane.  From this, it can be determined that the 
higher the concentration of the solution to be purified, the greater the osmotic potential; and the 
greater the osmotic pressure, the higher the pressure requirement will be.  This relationship 
explains why the pressure requirement is lower for brackish waters, which have lower solute 
concentrations than seawater (Solt and Shirley 1991).  
Fick’s First Law of Diffusion (Equation 1) also provides that the diffusion flux across a 
membrane is directly proportional to the surface area of the membrane.  Therefore as the area of 
the membrane decreases, the diffusion across a membrane will decrease.  By increasing the 
surface area of the filtration membrane, the diffusion across the membrane can be maximized 
(Vigneswaran et al 2004).  The spiral wound RO modules (Figure 3) have become common due 
4 
 
 
 
to their expansive surface area which not only increases the diffusion across the membrane, but 
also provides easier access for cleaning agents (Taylor and Jacobs 1996). 
 
Figure 3. Diagram of flow through spiral-wound reverse osmosis membrane module     
(Fritzmann et al. 2007). 
Although spiral-wound reverse osmosis membranes are widely used and highly effective, they 
are unable to treat turbid feed water.  The spacers implemented in these membrane modules 
make them more susceptible to clogging, or blocking, and pre-treatment of the feed water is 
required (Taylor and Jacobs 1996).  If care is not taken to properly prevent dissolved, colloidal, 
or biological matter from entering RO modules, accumulation will occur that will inhibit 
diffusion across the membrane.  There are two types of blockages, which are distinguished by 
the particulate build-up type.  The first of these is scaling, which is characterized by the 
precipitation of inorganic material on a membrane surface.  A super-saturation of concentrate on 
the feed side of a membrane can precipitate if not properly treated, and can dramatically reduce 
permeate flux.  Scaling can be treated, and precipitate can be released from the membrane 
surface, but transporting the crystalline mud out of the module can be extremely difficult.  
Therefore, scaling should be avoided at all costs; antiscalants (pre-treatment) are available that 
adjust the pH of the feed water in an effort to prevent precipitation.   
The second type of blockage is referred to as fouling, and is characterized by the accumulation of 
particulate matter or biological growth on a membrane surface.  Mechanical pre-treatment of 
feed water for prevention of particulate fouling can be performed by use of screens, sand 
filtration, cartridge filtration, or membrane pre-treatment.   Chemical pre-treatment of feed water 
is required for biological fouling, which, if left untreated, can produce a gel-like layer of 
microorganisms.  This will drastically reduce the permeate flux through the module, and a 
chlorination of the feed water during pre-treatment is recommended.  Of course, fouling can 
never be fully prevented, and build-up will occur.  Regular maintenance and membrane cleaning 
can be performed to manage potential fouling problems (Fritzmann et al. 2007). 
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The objective of this senior project is to investigate the economic viability of using low-pressure 
reverse osmosis desalination of brackish drainage water for agricultural reuse.  This project will 
consider the applicability of such technologies to agricultural practices, as well as the economic 
viability and potential environmental impact. 
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LITERATURE REVIEW 
 
The San Joaquin Valley, like many semi-arid agricultural regions, practices tile drainage of 
irrigated lands to help prevent water-logging and salinity build-up near the root zone of the crop.  
If the soil is not properly drained and salinity build-up occurs, it can lead to the “retirement” of 
fertile agricultural lands.  When fields are properly drained, the drainage water collected will 
contain a complex mixture of both dissolved and suspended chemical components, as well as an 
array of microorganisms.  The feed water quality is an extremely important consideration for 
designing and operating a reverse osmosis system.  By knowing the water quality, a 
determination can be made of the proper module selection, pre-treatment, and operational 
maintenance (Lee et al. 2003).   
Attempts to reclaim or improve the quality of agricultural waste water were made by the 
California Department of Water Resources (DWR) as early as 1967.  At the time, the Waste 
Water Treatment Evaluation Facility (WWTEF), originally the Agricultural Waste Water 
Treatment Center, was established with the purpose of investigating the use of chemical or 
biological treatment of agricultural waste water for disposal into drainage systems or estuarial 
waters. This facility was constructed just outside of Firebaugh near the Alamitos tile drainage 
system, which conveniently provides year-round availability of agricultural waste water.  The 
DWR’s first agricultural waste water desalination investigation tested the operation of a tubular 
membrane RO pilot plant in 1971.  This plant was developed by the University of California, Los 
Angeles and consisted of 24 tubular assemblies.  A second desalting unit was installed 
containing 180 tubes as well as a special-purpose unit designed with 60 tubes to study the effects 
that pretreatment of feedwater on the RO process (California Department of Water Resources 
1983). 
 In 1973, following the UCLA investigations, the DWR and the U.S. Department of the Interior’s 
Office of Water Research and Technology (OWRT), formerly known as the Office of Saline 
Water, jointly sponsored a study in Los Banos to investigate three different reverse osmosis 
membrane configurations for treatment of subsurface tile drainage.  The source water from the 
Alamitos tile drainage system had a salinity that varied seasonally from 2000 ppm to 6000 ppm.  
The water underwent chemical pre-treatment to inhibit calcium sulfate scaling as well as 
biological fouling and membrane deterioration (California Department of Water Resources 
1976).   
The three different RO module systems investigated included tubular, spiral-wound, and hollow-
fine-fiber modules with desalting capacities in the range of 2000 to 5000 gallons per day.  The 
RO units were all tested simultaneously, under similar operating conditions and using the same 
source of feedwater, and were operated continuously for approximately 18 months (California 
Department of Water Resources 1983).  The DWR also contracted with the University of 
California, Berkeley (UCB), during the RO desalination evaluations to study the impact of 
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bacterial activity on both the performance and the life of the RO modules.  The UCB study was 
able to identify the bacterial organisms which were responsible for surface fouling and 
deterioration of the RO module membranes, as well as the effectiveness of pre-treatment of 
feedwater with various chemicals, such as bactericides.  Through this study, it was found that 
calcium sulfate (CaSO4) in the feedwater was the primary source of scaling problems, which 
limited the maximum recovery of desalted water (California Department of Water Resources 
1983).  At 2000 ppm, the recovery was around 70% — meaning that 70% of the feed water was 
desalted and collected as permeate — and for 6000 ppm, the recovery level dropped to 50%.  
(California Department of Water Resources 1976). 
The study concluded that the reverse osmosis process was an effective and applicable technology 
for desalting agricultural drainage tile water.  The permeate product was of a high quality, which 
was demonstrated by all three module types.  Successful desalination was reliant on proper pre-
treatment of the feed water and proper maintenance of the modules.  The specific treatment and 
maintenance varied for each module type, but all included a pH adjustment, bacterial and scale 
control, as well as particulate matter filtration. A mechanical or chemical cleaning of the 
membrane was also required to eliminate membrane surface scaling (California Department of 
Water Resources 1976). ` 
 
Figure 4. State-Federal San Joaquin Valley Drainage Program study area (U.S. Department of 
the Interior 1990). 
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An extensive and expensive investigation of a large portion of the San Joaquin Valley (shown in 
Figure 4) was conducted from 1983-1990 by the State-Federal San Joaquin Valley Drainage 
Program (SJVDP).  This investigation resulted in the formation of both management and 
planning frameworks for implementation of recommended drainage management programs.  The 
final report, put out by the U.S. Department of the Interior and the California Resources Agency 
in 1990 recommended five management options which were either determined to be worthy of  
further study or immediate implementation.  These five management options included drainage 
water source control, ground water management, drainage water treatment, drainage water reuse 
and drainage water disposal (U.S. Department of the Interior 1990). 
Brian Smith, of the California Department of Water Resources (1992), suggested that desalting 
brackish groundwater in combination with groundwater management might be a viable option.  
The cost of desalinating subsurface drainage water is much greater due to the high salt 
concentrations and greater potential for scaling and fouling of the membranes.  Another potential 
issue with desalinated agricultural drainage water lies in the algal and organic constituents, 
which require pretreatment. At that time, the issue had yet to be solved (Smith 1992). 
In 2002, a Desalination Task Force was established through the Department of Water Resources 
by Hertzberg, directing them to “make recommendations related to potential opportunities for the 
issue of seawater and brackish water desalination” (Keene 2003).  The findings of the final report 
identify that the California population is expected to increase by 600,000 per year due to 
naturally-occurring factors.  With already unmet environmental water needs and serious 
groundwater overdraft problems, the implementation of properly designed, maintained, and 
operated desalination facilities may be a viable supplement during California’s periodic 
droughts.  Although it encourages the consideration of desalination as a solution, the paper also 
recognizes that each project should be considered on a case-by-case basis and only implemented 
where economically and environmentally appropriate.   
Although the technology of agricultural drainage water may be viable, either standalone or in 
combination with desalination of brackish groundwater, the costs and environmental impact must 
be taken into consideration.  The costs of RO desalination are derived from a combination of 
energy, labor, materials, maintenance, and operation and management (summarized in Table 1).  
As can be seen, the energy, operation and management, as well as payback, are the most 
influential costs, while the labor, chemicals and maintenance comprise a smaller contribution to 
the total cost of desalination.  The percentage breakdown of each cost type is illustrated in Figure 
5 below. 
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Changes in land use, source of water treated, surrounding ecosystems, atmospheric emissions, 
wastewater discharge, aesthetic disturbance, noise pollution, and energy use, among other 
factors, must all be considered in an effort to protect and preserve the environment (Hopner and 
Windelberg 1996, Sadhwani et al 2005 and Beltrán and Koo-Oshima  2004 ).  The impact of the 
buildings on the environmental surroundings, the integration of the buildings into the landscape, 
and the CO2 emissions from energy consumption are all important considerations.  However, the 
issue of the wastewater discharge is unique to desalination and can have a significantly negative 
impact on the surrounding environment.  Most desalination systems currently in use are built 
along the coastline, because of the ease of concentrate (brine) disposal.  The brine is generally 
discharged into the ocean, usually diluted with freshwater or injected into deep wells of 
contaminated aquifers in inland regions.  The brine discharge represents approximately 30-70% 
of the feed water flow, meaning that 1.3-1.7 times the concentration of the feed water is 
discharged.  The effect of the brine concentrations will vary with location and marine habitat, but 
can, nevertheless, have significant influence on marine flora, fauna, and endangered species. 
In addition to the high concentration of salts that must be disposed of, there are several chemical 
products which are used in pre-treatment and regular maintenance—to prevent scaling or 
biofouling—that are discharged, as well.  The water treatment chemicals include, but are not 
limited to, sodium hypochlorite, ferric chloride, sulphuric or hydrochloric acid, sodium 
hexametaphosphate and sodium bisulphate.  It is required for all of these chemical components 
to be neutralized before discharge, but the effect on the environment still remains (Sadhwani et al 
2005 and Beltrán and Koo-Oshima 2004). 
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PROCEDURES AND METHODS 
 
Survey Procedure 
Current Irrigation Water Prices.  Cost of irrigation water in the San Joaquin and Coachella 
Valleys, as well as the Central Coast of California, was collected and evaluated to establish a 
baseline pricing for agricultural water in California.   This pricing was then compared to 
desalinated water pricing to determine the ultimate competitiveness of desalinated pricing.  To 
obtain the baseline pricing data, six different irrigation and water districts in the specified regions 
were researched or contacted to determine the price per acre-foot (AF) charged to agricultural 
water users. 
Existing Desalination Plant Site Visits. Of the handful of desalination plants established in 
California, three were chosen in the Central Coast area for investigation of design, application, 
and cost of existing desalination systems.  Each plant is unique in the source water type and 
quality, as well as the volume of water treated and the uses of treated water.  To investigate each 
of these plants, site visits were conducted at the City of Morro Bay Wastewater Treatment 
Facility, the Carmel Area Wastewater District Treatment Facility, and the City of Oxnard Water 
Treatment Facility. 
City of Morro Bay 
In November, 2009, the City of Morro Bay desalination plant was the first to be visited.  A tour 
of the desalination plant, located at the City of Morro Bay Wastewater Treatment Facility, was 
given by Bill Boucher, who had an integral part in establishing the facility.  The City of Morro 
Bay facility was constructed as an emergency supplement for the City’s groundwater during 
drought conditions in 1995.  The plant consists of both a seawater and brackish water 
desalinating system, used to produce municipal drinking water. 
Carmel Area Wastewater District 
The Carmel Area Wastewater District (CAWD) desalination facility was visited in February 
2011, where Superintendent Mark Scheiter led a tour of the wastewater treatment and 
microfiltration/reverse osmosis (MF/RO) desalination treatment areas.  The CAWD treatment 
facility treats municipal wastewater, and following primary, secondary, and MF/RO treatment, it 
produces Title 22 irrigation water, sold to nearby golf courses. 
City of Oxnard  
David Birch, Chief Operator of the City of Oxnard Water Resources Division desalination plant, 
gave a tour of the city’s desalination facility in February 2011.  This desalination plant is the 
currently-running plant at the Water Resources Division, which treats brackish groundwater for 
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municipal use.  Another desalination facility is being constructed just south of this site, at the 
Oxnard Wastewater Treatment Plant.  This new facility, similar to the CAWD, will treat 
municipal wastewater to produce Title 22 irrigation water. 
Evaluation Procedure 
After all the data was collected from both the current irrigation and water districts, as well as 
existing reverse osmosis desalination plants, the data was compared.  The data collected was 
combined with statements from desalination literature reach a conclusion regarding agricultural 
drainage desalination.  
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RESULTS 
 
The Cost of irrigation water in the San Joaquin and Coachella Valleys, as well as the Central 
Coast of California, was collected to establish a baseline pricing for agricultural water across 
California (summarized below in Table 2). In the San Joaquin Valley, the Delano-Earlimart 
Irrigation District, and the Central California Irrigation District, prices for irrigation water were 
examined.  The Delano-Earlimart ID charges $41/AF for water, and an additional surcharge fee 
of $15.50/AF, totaling $56.50/AF.  The Central California Irrigation District’s water prices vary 
with both season and volume, and range from $7-$61/AF (Central California Irrigation District 
Water Rates and Allocations 2011).  The Imperial Irrigation District in Coachella Valley delivers 
water to growers at $20/AF for all water delivered (Imperial Irrigation District Water Rates 
2011). 
Water pricing is slightly higher in Central Coast regions, and three water districts, including the 
Santa Clara Valley Water District, United Water Conservation District and San Benito County 
Water District were examined.  The Santa Clara Valley Water District charges varying prices for 
water use in different parts of the county. In the South Santa Clara Valley, where agriculture is 
more prominent, water is priced at $275/AF (Santa Clara Water District Water Charges 2011).  
The United Water Conservation District has several different water sources, for which each 
sources’ pricing is different.  The higher side of the pricing range includes water from the PTP 
Pipeline, which is charged at $166.50/AF (United Water Conservation District Water Rate Study 
2011).  Finally, the San Benito County Water District charges $240/AF for agricultural water 
from the San Felipe Distribution System (San Benito County Water District Water Charges 
2011).  
Table 2. Current California irrigation/water district water pricing 
 San Joaquin 
Valley 
Coachella 
Valley 
Coastal 
Regions 
 ($/AF) 
  
 Central California ID 
 
$61  
  
  Delano-Earlimart ID $57    
  Imperial ID  $20   
  Santa Clara Valley WD   $275  
  United Water Conservation District   $167  
  San Benito County WD   $240 
 
 
The City of Morro Bay desalination facility, toured in November 2009, was first built for 
seawater desalination in 1995 as an emergency water supply to supplement the city’s 
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groundwater during a water crisis.  The initial capital cost for construction totaled $3 million.  
The existing seawater reverse osmosis (SWRO) system consists of four 4200 hp centrifugal 
positive displacement pumps, which pump water through a series of cellulose filters before being 
sent to four RO trains, which consist of eight membranes each (shown below in Figure 6).  Each 
membrane train operates at approximately 420 psi, and produces 120 GPM of desalinated water 
from 200 GPM feed water, a recovery rate of about 60%.  The seawater is pretreated with 
antiscalants before it is pumped into the plant to reduce calcium build up.  Then treated, 
desalinated water undergoes post-treatment to increase the TDS and balance pH, while brine 
concentrate is sent back to the ocean through a discharge pipeline, where it is diluted with the 
discharge water from the Morro Bay Power Plant (see Appendix B for more information and RO 
plant schematic).  Input seawater averages 3500 ppm while the output RO water averages 80 
ppm.  This output water is too pure and is treated with calcium carbonate to bring the total 
dissolved solids (TDS) to the plants’ target of 250 ppm and to help buffer the pH to the target 
value of 8.1.  The water is also treated with chlorine for disinfection before it can be used for 
municipal purposes (Boucher 2009). 
 
Initial problems with this system included high levels of iron, which caused the membranes to 
either wear more quickly or fail altogether.  An iron removal system was installed in 2002 at a 
cost of an additional $2 million.  These iron problems are yet to be completely resolved, but 
minimal capital investment is expected (Boucher 2009). 
In 2009, a $1.7 million brackish water reverse osmosis (BWRO) system was installed to treat 
brackish groundwater, which has very high nitrate concentrations in the local groundwater basin.  
Figure 6. Reverse osmosis membrane trains in the Morro Bay Wastewater Treatment Facility. 
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Brackish groundwater enters the facility and is first treated with antiscalants, before being 
pumped at 600 GPM to two pre-fabricated GE Water & Process Technology trains, which 
desalinate the water at 200 psi.  The brackish water has a TDS approximately 20% that of the 
seawater, or around 700 ppm.  The system is able to produce 450 GPM of permeate, at a 
recovery rate of 75%.  The BWRO system, similar to the SWRO system, sends permeate  to be 
post-treated with calcium carbonate and chlorine, with the concentrate returning to the sea.  
Periodic maintenance of both systems is performed using a detergent or citric acid, to treat 
biofouling or scaling, depending on the type of buildup. These cleaning agents will be returned 
to the ocean with the concentrate, and should be monitored closely due to the potential 
environmental impact (Boucher 2009).The total cost for production of desalinated saltwater at 
the City of Morro Bay desalination plant is $1400/AF, while the cost for desalinated brackish 
water is $900/AF (Boucher 2009). 
Similar to the City of Morro Bay, the Carmel Area Wastewater District (CAWD) desalination 
treatment facility is located close to the California coastline. However, unlike The City of Morro 
Bay desalination plant, rather than treating seawater for municipal drinking water, the CAWD 
desalination plant treats municipal wastewater with the goal of providing Title 22 irrigation 
water.  The CAWD treats municipal wastewater by traditional methods of removal of large 
particles/objects, settling out of solids (shown below in Figure 7), bio-removal of organic and 
inorganic materials and disinfection with chlorine gas.  Historically, from 1908-1994, the entire 
volume of this treated water was simply discharged into the ocean (Scheiter 2011). 
 
Figure 7. Primary wastewater treatment settling tank. 
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In 1991, a tertiary treatment facility was constructed, at a cost of $9 million, to treat the 
traditionally-treated wastewater with flocculent and coagulant in an effort to drop out the 
bacterial solids.  This water was disinfected again, and after undergoing this tertiary treatment, 
the water becomes considered Title 22 irrigation water.  It was contracted with 7 Pebble Beach 
golf courses (with 18 greens each), to pump this water through the Del Monte Forest to supply 
them with irrigation water as an alternative to potable water.  The CAWD supplied the golf 
courses with an average of 800 AF/year, saving them that much in potable water usage.  This 
new method of reuse of water, and potable water savings was great at first, but soon, problems 
arose due to high salinity of the water (Scheiter 2011).   
 
Poa grass varieties are used for the greens in Pebble Beach because they are able to thrive in 
coastal regions. However, these grasses are also very sensitive to sodium (at levels above 75 
ppm).  When highly salinated water (above 100 ppm) was being delivered for irrigation, the 
sodium particles attach to the root receptor sites and inhibit the grasses ability to take up 
nutrients.  Without the nutrients, the grasses become very susceptible to disease, which caused 
the greens at the Pebble Beach golf courses to suffer.  To alleviate the situation, the irrigators 
used potable water, and for a while afterward mixed the CAWD water with potable water to 
obtain acceptable water salinity (Scheiter 2011 and Markow 2011). 
 
Realizing this problem, the CAWD first began researching RO systems starting in 1997, when 
there were 3 to 4 different types of membranes, all of which operated at high pressures and were 
very expensive.  Several years later, technological advances provided RO systems that operate at 
lower pressures (less than 200 psi) and less expensive capital costs.  The lower pressure 
membranes are able to utilize smaller feed pumps, requiring less power for operation.  After 
much consideration, a microfiltration (MF) and reverse osmosis (RO) system was constructed to 
replace the tertiary treatment beginning in 2006.  The design and construction occurred 
simultaneously to speed up the process and alleviate the salinity problems as quickly as possible 
(Scheiter 2011).   
 
The MF/RO facilities in place today consist of 3 MF modules (shown in Figure 8), with 250,000 
microfiltration tubes each, as well as 3 RO skids, with 14 membrane vessels each.  The MF tubes 
are small diameter long tubes with plugged ends and 0.05 micron openings along the length of 
the tube.  The tubes are submerged into water that has undergone primary and secondary 
treatment, and water is pumped through the tubes, leaving colloids behind.  The turbidity of the 
water is decreased significantly during the MF process, before the water is sent to the RO skids.  
These skids operate in the range of 200-230 psi and of the 14 membrane vessels, 10 are first 
stage filtration, while the remaining 4 are second stage (which is simply filtration of concentrate 
from first stage). Approximately 25% of the water that enters the RO vessels is rejected (75% 
recovery rate) and the rejected water from the first stage then enters the second stage at 4 times 
the concentration of the original feed water.  Once this water has undergone a second 
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desalination, the rejected water is sent to the ocean, while the desalinated water is disinfected and 
sent to storage tanks (Scheiter 2011). 
  
 
Figure 8.  Microfiltration modules (blue) at the CAWD desalination facility. 
 
This water began being delivered to the Pebble Beach golf courses starting in 2008, but grass 
was still dying.  It was discovered that this new desalinated water was, in fact, too pure, and that 
it was robbing the grasses of nutrients.  The feed water that enters the RO modules contains 
anywhere from 150 to 180 ppm, and is desalinated to a concentration of 10 to 20 ppm.  The 
salinity of irrigation for these grasses should be in the range of 40 to 50 ppm, and in an effort to 
reach a target salinity of 45 ppm, the CAWD now combines mixing of MF and RO water as well 
as addition of gypsum.  The new salinity management practices include a mixing procedure 
incorporating both MF and RO waters.  The general mixture includes approximately 25% of the 
feed water from the MF treatment and 75% of the water from the RO treatment (illustrated in 
Figure 9). This mixing procedure allows the operator to obtain the desired salinity level with 
great flexibility.  The ratio of RO and MF water, as well as target salinity, can be varied to a 
certain extent depending on the need and availability of water.  Because the exact value of 
salinity is not crucial, the flexibility of the MF/RO ratio can be beneficial in the case of a water 
crisis (Scheiter 2011). 
 
From 1994 to 2009, CAWD water was mixed with anywhere from 5% to 34% potable water (see 
Table 4 in Appendix E for full water mixture details from 1994 to 2009).  However, with these 
new improvements to the MF/RO system, the Pebble Beach golf courses were able to convert to 
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100% reclaimed water starting in October 2009.  It is no longer required to flush golf course 
greens monthly with high salinity irrigation water (flushes still performed about once per year).  
Following the gypsum injection into the CAWD Title 22 water, the infiltration of the water and 
condition of the golf course lawns has greatly improved.  Granular gypsum is still added on site 
as a supplement to help balance out the salts (Markow 2011).  (More information on this can be 
found in Appendix D). 
Micro-
filtration
(MF)
Reverse
Osmosis
(RO)
Mixed
Water
Secondary Treated Water
100% Total Volume (TV) 75%  MF
75% TV
25%  MF
25% TV
25%  RO
18.75% TV
75%  RO
56.25% TV25% MF + 75%  RO
81.25% TV
 
The final product water is constantly monitored for sodium levels, alkalinity and hardness.  It is 
important to measure not only the sodium, but the adjusted Sodium Absorption Ratio (adj. SAR), 
as this combination will help one determine the ratio of sodium to calcium and magnesium.  This 
monitoring can also help determine the necessary post-treatment.  At the CAWD desalination 
plant, in addition to mixing the waters and treating for gypsum, potassium hydroxide is added to 
adjust pH, and the water is chlorinated to disinfect before being pumped to Pebble Beach 
(Scheiter 2011). 
 
The capital costs for the MF/RO facilities totaled $35 million, but Scheiter (2011) stressed that 
the highest costs for any RO system stem from the labor.  Constant maintenance is required to 
keep the facilities running properly.  Regular weekly, monthly and semi-annual maintenance is 
performed to prevent scaling and biofouling.  Both scaling and biofouling are treated differently; 
scaling is treated with an acid and biofouling is treated with a basic solution.  However, if treated 
improperly (i.e. scaling treated with a basic solution), the build-up can become permanent and 
ruin the membranes.  It is extremely important to properly diagnose the problem before 
treatment, and to remove the build-up using the correct agent (antiscalants are injected into the 
RO feed water to prevent excessive scaling).  Due to the sensitivity of RO systems, an employee 
Figure 9. Typical MF/RO mixture schematic 
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must be trained for 3 to 5 years before they are able to operate the system properly on their own. 
The cost to treat one acre-foot (AF) of water is $2100/AF, but the CAWD is contracted with the 
Pebble Beach Company to charge the golf courses $1300-1500/AF, with the remaining cost 
covered by Pebble Beach bonds (Scheiter 2011). 
     
Although this solution to wastewater management and water scarcity in Pebble Beach is a 
valuable one, there are some issues still experienced by the CAWD desalination plant in terms of 
operational efficiency.  Because the plant gets its water from wastewater supply, there is large 
variability in the flow.  RO systems require a constant feed pressure, so with fluctuating flow 
from the source, managing the operations can be difficult, but not impossible (Scheiter 2011). 
 
Like many desalination plants, the CAWD discharges their RO brine to the ocean. However 
plans are underway to change this.  The CAWD prides itself in recycling nearly every part of the 
wastewater it receives.  Sludge collected in primary treatment is anaerobically digested and used 
as a fertilizer.  The methane gas produced in the anaerobic digestion process is harvested and 
used to power generators on site.  The water is, of course, treated, desalinated and sold as Title 
22 irrigation water.  The only by-product that is not currently utilized is the high sodium 
concentrate from the RO process.  However, plans are underway to pipe this concentrate to the 
head of a lagoon on riparian habitat directly next to the facilities.  Riparian habitats flourish with 
the products in RO reject such as salts and heavy metals, and can filter these out before the water 
makes its way to the ocean.  This is expected to happen once funds are secured for this project 
(Scheiter 2011).  Full information on the CAWD Site Visit can be found in Appendix C. 
 
The City of Oxnard Water Resources Division is taking steps toward recovering and enhancing 
their groundwater supply through the GREAT (Groundwater Recovery Enhancement And 
Treatment) Program.  Part of the GREAT Program involves both an existing groundwater 
desalination facility and an expansion to the current wastewater treatment facility that is still in 
the construction phase.  The wastewater treatment expansion is very similar to the CAWD plant, 
in that it will involve the desalination of traditionally treated wastewater to produce Title 22 
irrigation water.  The existing groundwater desalination facility (visited in February 2011) was 
constructed in 2008 at a capital cost of $24 million, to treat brackish groundwater for municipal 
use (Birch 2011). 
The source water for the City of Oxnard desalination plant is pumped from the upper aquifer and 
has salinity of 1600 TDS.  The water is pumped into the plant from well pumps located south of 
the facilities, and injected with antiscalants before entering the facility.  The water is then 
pumped through one of four cartridge filter units, with 176 cartridges each that filter up to 5 
micron particles (shown in Figure 10).  The upstream and downstream pressures on these 
cartridge units are monitored, and cartridges are replaced when the differential reaches 15 psi 
(Birch 2011).   
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The turbidity and pH of the source water is monitored and recorded, as is the oxidation-reduction 
potential, before the water enters the cartridge filters.  A magnetic flow meter, with a totalizing 
function, is used to measure the flow rate to the RO membranes after cartridge filtration.  The 
RO system consists of 3 RO skids, each containing 69 low-pressure membranes (46 first stage 
membranes and 23 second stage membranes, shown in Figure 11).  The membranes originally 
were supposed to be high pressure membranes, so all of the piping in the facility was built for 
pressure of up to 400 psi.  In the late stages of design, the membranes were changed and now 
operate at around 120 psi.  Approximately 70% of the feed water is recovered in the first stage 
reverse osmosis, and an additional 10% of the total volume is recovered from the second stage 
(80% total recovery).  Flow meters are installed to measure the flow for each skid, as well as 
flow exiting the desalination facility.  Each RO skid has a sample sink, where water samples can 
be taken from nearly any point in the system, which can aid in the determination of the location 
of a problem if one arises (Birch 2011).  
The desalinated water is pumped into a storage tank just outside of the facility, where sodium 
hydroxide and sodium hypochlorite are injected to balance pH and disinfect.  The water is 
pumped up through a stand pipe and then dropped by gravity into the tank, ensuring that a 
constant backpressure is kept on the RO membranes.  From the tank, water leaves by gravity at 
around 9 to 12 psi, and is sent to a series of booster pumps, where the pressure is boosted up and 
water is pumped out of the facilities for mixing with other water sources before being used for 
municipal water.  By the time the water is ready for use, the salinity is reduced from 1600 TDS 
to 45 TDS, making it suitable for municipal use (see Appendix F for plant schematic). 
Maintenance of the RO membranes is very important, and just like the City of Morro Bay and 
CAWD, they must be protected against scaling and biofouling by treating with an acid or base, 
Figure 10.  City of Oxnard cartridge filter unit. 
21 
 
 
 
respectively.  There are large storage tanks inside the facilities to store the acidic and basic 
chemicals used for maintenance, as well as a reject tank, which collects the discharge from the 
membranes during cleaning.  This discharge must be neutralized before disposal, and by 
collecting it in one tank, neutralization is simplified. 
 
The City of Oxnard prides itself in the LEED Silver Certification that it received for 
incorporating cork flooring, concrete and brick, timber construction, temperature-triggered 
automatic ventilation windows, light-sensored automatic blinds and community artwork in the 
form of both murals and art installations.  However, the most important part of this certification 
is the incorporation of solar panels for energy harvesting.  A slanted roof design is covered in 
solar panels which are used to run the desalination process.  When the RO modules are not in 
use, the power is sold back to the local power company.  The incorporation of this power source 
reduces the cost of desalinated water production to $800/AF, which is just lower than the City of 
Morro Bay cost for brackish groundwater treatment (A summary of each desalination system’s 
capital cost, price per acre-foot and source water type can be found in Table 3).  In addition to 
LEED certification, the incorporation of these environmentally-friendly features helps to offset 
the environmental impact that the plant has on both its surroundings, emissions and discharge. 
The plant is currently designed to treat 7.5 MGD but along every step of the way (cartridge 
filtration, reverse osmosis, final product boosting) the facilities were designed for expansion.  
Hook-ups for additional equipment are on site, providing the necessary means to expand 
desalinated water production if and when necessary. 
 
Figure 11.  City of Oxnard reverse osmosis skid with first stage membranes (right) 
and second stage membranes (left). 
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Table 3.  Desalination system capital and production costs 
 Source Water 
Type 
Capital Cost Price 
($/AF) 
City of Oxnard Brackish Groundwater $24 Mil $800 
Carmel Area 
Wastewater District 
Brackish 
Wastewater $33 Mil $2,100 
City of Morro Bay 
Seawater $3 Mil $1,700 
Brackish 
Groundwater $1.8 Mil $900 
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DISCUSSION 
 
Studies beginning in the 1960’s have shown that RO technology is technically feasible for use in 
irrigated agriculture. However, the cost has always been far too great for RO desalination to be 
considered for agricultural applications.  Through visiting existing plants and evaluating the cost 
of production of an acre-foot of desalinated water, it is clear that the actual pricing agrees fairly 
well with the pricing estimates by Beltrán and Koo-Oshima (2004) (see Table 1).  The brackish 
water desalination remains in the range around $800 to $900 with the exception of the Carmel 
Area Wastewater District, which is a very specialized application and may explain the higher 
costs.  The desalinated seawater from the City of Morro Bay has a much higher cost than 
brackish desalination, as expected.  The pricing data for the surface delivery water in the San 
Joaquin and Coachella Valleys and the Central California Coast are all substantially lower than 
any of the desalinated water pricing, with the least expensive desalinated water nearly 3 times 
more expensive than the most expensive surface delivery water, as shown below in Figure 12.   
 
Figure 12.  Comparison of current surface delivery irrigation water pricing and desalinated  
water pricing 
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However, Beltrán and Koo-Oshima (2004) suggest that, although the price of reverse osmosis 
desalination has decreased significantly in the past few years, it is still too great for this 
technology to be considered for full-time use in irrigated agriculture.  One exception may be in 
the intensive horticulture of high-value cash crops, which would offset the high costs of 
irrigation water (Beltrán and Koo-Oshima 2004).  However, overall, it seems as though RO 
desalination will only become economically viable if either the RO process becomes less 
expensive or the price of surface-delivered water rises above that of desalinated water.  As more 
people recognize the impact of water shortage that may soon escalate to a full-scale crisis, 
investors are seizing the opportunity to establish desalination plants in nearly 20 locations across 
California .  Due to the difficulties of brine disposal in inland regions, each of these newly-
minted or previously-introduced desalination plants can be found along the coastline (illustrated 
below in Figure 13)..  As these developments enter the planning stages, conservationists are 
arguing that the costs are too high, but, more importantly, they argue that the environmental 
impact of this number of desalination plants is far too damaging.  The effects of brine and 
chemical disposal along the California coastline could have very detrimental effects (Rosenfeld 
2011).   
 
Figure 13. California locations of established and proposed desalination plants (Rosenfeld 2011). 
 
The City of Oxnard has developed an extremely effective model of how a desalination plant can 
be integrated into a community sustainably and with care for the environment.  The 
environmental impact of the brine discharge from the desalination facility still remains, but 
through the integration of natural building materials, automatic natural circulation and lighting 
features, and integration of community artwork and involvement, the city is able to offset these 
effects.  The City of Oxnard has found a way to provide a service to the community, while 
respecting and showing consideration for the concerns of the environment. 
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A hope for the future of desalination technology comes from an investigation by Cohen et al. 
(2008) on the use of RO desalination for the San Joaquin Valley.  By recognizing that a recovery 
rate of 50-70% would not suffice, and that a higher recovery rate would be required for inland 
locations, work has been done to combine RO desalination with accelerated precipitation.  By 
doing this, it may be possible to increase the recovery range from 90-95% in some cases.  The 
cost of this is not know for certain, but is estimated around $700 - $1200/AF, a competitive rate 
for desalination.  It is speculated that this cost may be lowered by integrating alternative energy 
sources such as solar or wind energy (Cohen et al. 2008). 
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RECOMMENDATIONS 
 
Further investigation into finding ways to lower the costs of desalination, specifically in the most 
expensive areas of power and labor, is just one step that could be taken to make RO desalination 
more feasible for agricultural irrigation purposes.  The power costs could be decreased through 
the research and potential application of alternative energies, such as solar or wind, in 
conjunction with RO desalination.  The labor costs may be decreased by finding more suitable 
measures for the regular maintenance currently required of RO systems, such as the frequent 
cleaning to prevent permanent scaling and biofouling.   
In the Central and Southern California Valleys, one of the major problems facing RO 
desalination is figuring out what to do with the concentrated brine discharge.  An investigation of 
disposal options for desalination waste in inland areas could expand the use of this technology 
not only in California but worldwide. 
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HOW PROJECT MEETS REQUIREMENTS FOR THE BRAE MAJOR 
Major Design Experience 
The BRAE senior project must incorporate a major design experience.  Design is the process of 
devising a system, component, or process to meet specific needs.  The design process typically 
includes the following fundamental elements.  Explain how this project will address these issues 
(Insert N/A/ for any item not applicable to this project.) 
Establishment of Objective and Criteria.  The objective of this project is to determine the 
economic viability of using desalination systems for agricultural purposes.  The economic 
viability will be determined by comparison to other methods, costs of acquisition of water for 
agricultural uses, and the environmental impact of all methods considered. 
Synthesis and Analysis.  This project will incorporate the consideration of agricultural irrigation 
systems available and the consideration of economic cost of each water attainment method, as 
well as energy costs. 
Construction, testing, and evaluation.  N/A 
Incorporation of applicable engineering standards.  The project will consider ASME 
Standards for construction of RO modules. 
Capstone Design Experience 
The engineering design project must be based on the knowledge and skills acquired in earlier 
coursework (Major, Support, and/or GE courses). This project incorporates knowledge/skills 
from these key courses. 
• BRAE 236 Principles of Irrigation 
• BRAE 312 Hydraulics 
• BRAE 331 Irrigation Theory 
• BRAE 403 Agricultural Systems Engineering 
• BRAE 435 Drainage 
• BRAE 533 Irrigation Project Design 
• CHEM 124/125 General Chemistry for Engineering  
• SS 121 Introductory Soil Science 
• ENGL 149 Technical Writing 
 
Design Parameters and Constraints 
The project addresses a significant number of the categories of constraints listed below. 
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Physical.  The desalination system must be physically capable of desalinating the volume of 
water required for any application.   
Economic.  The economic viability of a desalination system for agricultural applications is the 
main focus of the study and will be determined. 
Environmental.  The environmental impact of brine, the waste product of desalination, will be 
evaluated, as well as various methods for disposal of the brine. 
Sustainability.  The desalination system must be operable using energy that makes it a viable 
source of fresh water.   
Manufacturability.  N/A 
Heath and Safety.  The health and safety of the general public must be the top priority when 
considering a desalination system.  Both the safety of the system itself and the brine waste 
product will be considered. 
Ethical.  Any recommendations made regarding desalination applicability must not be driven by 
unethical reasons that may endanger or displace any persons. 
Social.  The social impact of a desalination system must not cause problems in the community it 
serves. 
Political.  The waste product of desalination, brine, shall not exceed a volume that is set by some 
political regulation agency. 
Aesthetic.  The desalination system must not be of a size or in a position that would excessively 
obstruct the view of natural habitat (particularly on coastal systems). 
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Memorandum 
From: Ashley Hemping 
Date: 11/24/09 
Re: Site Visit – City of Morro Bay Desalination Plant 
On the afternoon of Tues., Nov. 10, 2009, the BRAE 312 Hydraulics class had an opportunity to 
visit the City of Morro Bay desalination plant. Bill Boucher, the lead engineer was responsible 
for the design and construction of the city’s desalination plant and was able to give a lot of 
information regarding the process of desalination and hydraulic applications.  The plant was 
originally built in 1995 to supplement the city’s groundwater supply, but is now used only 
periodically, largely due to the high energy costs associated with the power requirements for 
running the pumps as well as the reverse osmosis (RO) membranes.  Mr. Boucher mentioned that 
there may be opportunity for energy reclamation, which could potentially offset and reduce the 
energy costs, making the entire desalination plant more economically viable. The plant contains 
four RO “trains” which are driven by axial booster pumps, used to sustain the pressure required 
for RO desalination.  These RO membranes are capable of producing enough clean water to 
sustain a population of approximately 10,000.   
The desalination process at the Morro Bay facility is based on reverse osmosis technology. Both 
groundwater and seawater can be treated in the plant, but both water sources have different 
treatment requirements.  Groundwater in coastal regions is generally high in iron, which can 
cause problems with RO membranes.  Therefore, groundwater must undergo pre-treatment to 
drop out the iron before being desalinated.  Once pretreated, the water is pumped through the RO 
membrane, which essentially separates the solution into two different solutions: permeate and 
concentration.  The concentrate (also referred to as brine) is highly saline and contains all of the 
concentrated and removed salts.  This concentrate is mixed with an intermediary discharge 
stream of lower salt concentration that leads to the ocean.  By mixing the concentrate with other, 
less saline, water, the solution reaches a salinity level in accordance with the California Coastal 
Commission regulatory standards.  The permeate, or desalinated water, is collected and then 
treated with chlorine and disinfectants/decontaminants before it is pumped out of the plan and 
into one of the city’s storage reservoirs for municipal distribution.  Seawater follows a similar 
treatment, but does not require the initial pre-treatment that groundwater does.  However, since 
the salinity concentrations of the two source waters will be different, they will have different 
specifications for RO operation. 
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The Morro Bay desal plant has proven to be an effective solution for the city in securing clean, 
high-quality water to supplement to the city’s water requirements.  The system is currently only 
in operation intermittently, but if needed would be able to provide water for the city on a full-
time basis, reducing the burden on groundwater supply. 
  
Figure 1. Salt water pumps and system conveyance. 
  
Figure 2.  Salt water RO membrane tubes. 
     
Figure 3. RO membranes. 
  
Figure 4.  Brackish water RO membranes (left) and RO post-treatment tanks (right). 
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 Figure 5.  Schematic of seawater and brackish groundwater desalination systems. 
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Memorandum 
From: Ashley Hemping 
Date: 2/17/11 
Re: Site Visit – Carmel Area Wastewater District Desalination Plant 
On the morning of February 17, 2011, I had the opportunity to meet with Mark Scheiter, 
Superintendent of the Carmel Area Wastewater District (CAWD), for a tour of the facilities, as 
well as an explanation of the current desalination system that they have on site.  What follows is 
a summary of the history and applicability of the CAWD Plant. 
The CAWD began looking into Reverse Osmosis (RO) systems in 1997, when there were 3-4 
different types of membranes, all of which were high pressure membranes and very expensive.  
Technological advances now enable RO systems to run at much lower pressures, less than 200 
psi.  With lower pressure systems, smaller feed pumps can be used, and electrical costs are 
lower, but Mr. Scheiter stressed that the highest cost for any system will always be labor-
oriented.  The equipment costs alone for the Micro-filtration/Reverse-Osmosis (MF/RO) system 
in place at the CAWD amount to $33 million.  That said, CAWD only trusts experienced 
technicians to run their equipment, and an entry level employee must be trained for 3-5 years 
before they can operate the system properly.   
This particular site doesn’t use seawater or groundwater for desalination, but instead uses 
wastewater, which must undergo initial treamitment.  Traditionally, most of the solids are first 
settled out of the wastewater, followed by a bio-removal of the majority of organic and inorganic 
materials.  Raw chlorine gas is then used to disinfect the water, and from 1908-1994, that water 
was simply discharged into the ocean.   
Beginning in 1991, a $9 million tertiary treatment facility was built, and the treated wastewater 
began receiving an added flocculent and coagulant, dropping out the bacterial solids, resulting in 
Title 22 irrigation water.  This water was then disinfected again and pumped into the Del Monte 
Forest to various golf courses throughout Pebble Beach.  This water supply provides an 800 
AF/yr savings in potable water use by supplying 7 golf courses (18 greens each) with irrigation 
water. However, the salinity of the water was too high.  Poa grasses are used for these greens 
because they grow well in coastal regions, but they are also very sensitive to sodium.  High 
concentrations of sodium in irrigation water will cause sodium particles to attach to receptor sites 
on the poa grasses, inhibiting the uptake of other nutrients.  Without these nutrients, the grasses 
become very susceptible to disease, as was the case when water from the wastewater plant was 
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used for irrigation.  The salinity in the water was abnormally high because of municipal water-
softening systems which introduce the sodium into the municipal wastewater system.  Anything 
above 75 ppm sodium will begin to stress poa grasses, and the initial water from the wastewater 
plant was much higher than 100 ppm. 
It was determined that the salt must be reduced considerably, and construction began in 2006 for 
the MF/RO plant that is in place today.  The design and construction of the unit were happening 
simultaneously to alleviate the problems as quickly as possible.  $35 million was spent on the 
MF/RO facilities, which consists of 3 MF units and 3 RO skids.  Each MF unit consists of 
250,000 tubes which have plugged ends and small 0.05 micron openings along the length of the 
tube.  These tubes are submerged in the water in order to pump the water out, while leaving 
contaminants behind.  The turbidity of the water is dramatically decreased and up to 2 MGD can 
be micro-filtered.   
Once the water has undergone microfiltration, it is pumped to the RO skids which each contain 
14 RO membrane vessels at approximately 200-230 psi.  Ten of these membranes are first stage 
filtration and the remaining 4 are second stage (which filters the concentrate from the first stage).  
Approximately 25% of the water that enters the RO vessels is rejected, and this high salt 
concentrate water is currently discharged to the ocean.  The permeate, or desalinated water, is 
then sent to storage tanks where it is mixed with water that has undergone microfiltration only. A 
schematic of the system and typical mixture is shown below in Figure 9. This mixing procedure 
allows the operators to obtain the desired salinity level (which is slightly higher than the pure RO 
water), shown in Figure 1.  With the dual MF/RO system, there is great flexibility, and the ratio 
of RO and MF water can be freely adjusted to a certain extent, depending on the need and 
availability of water.  The target salinity for the final product water is around 45 ppm (much 
lower than the 150-180 ppm water that enters the plant).  Because this value does not have to be 
exact, the ratio of MF/RO water becomes very flexible, which can be beneficial in the case of a 
water crisis.  
Micro-
filtration
(MF)
Reverse
Osmosis
(RO)
Mixed
Water
Secondary Treated Water
100% Total Volume (TV) 75%  MF
75% TV
25%  MF
25% TV
25%  RO
18.75% TV
75%  RO
56.25% TV25% MF + 75%  RO
81.25% TV
 
Figure 1.  Typical MF/RO mixture schematic 
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The product water is constantly monitored for sodium levels, alkalinity and hardness.  It is 
extremely important to look not only at the sodium, but the adjusted Sodium Absorption Ratio 
(SAR).  This monitoring can help determine what post-treatment is necessary.  At this particular 
plant, once the water is mixed, it is treated to increase the pH and conductivity.  This is done by 
adding potassium hydroxide for pH and gypsum for conductivity.  The water is finally treated 
with chlorine and then sent for consumption. 
The cost to treat one acre-foot (AF) of water is $2100/AF, and the golf courses are currently 
paying the treatment facility $1300-1500/AF, with the remaining cost covered by Pebble Beach 
bonds.  This rate has been contracted for 30 years, at which time the golf courses will be required 
to pay the full amount, or some other contract will need to be formed.   
Due to fluctuations in wastewater flow, one problem that is currently being experienced with the 
MF/RO system is variability in feed pressure.  Wastewater is sent to the facilities on an as-
produced basis.  Therefore, there are periods of both high flow and low flow.  RO systems 
require a constant feed pressure, so it is difficult for them to operate constantly with fluctuation 
flow from wastewater sources. 
Constant maintenance is required to keep the facilities running properly.  Regular weekly, 
monthly and semi-annual maintenance is performed to prevent scaling and biofouling.  Both 
scaling and biofouling are treated very differently, the former with acid and the latter with a 
basic solution.  However, if treated improperly, the problem can become permanent and cause 
irreparable damage to the membranes.  Therefore, it is extremely important to properly 
determine the problem before treatment, and then treat the problem with great care.  Anti-scalant 
is commonly added to the water before RO treatment.  
Perhaps the most commendable attribute of this wastewater treatment facility is that nearly every 
component of the wastewater is recycled in some way.  In addition to the water being treated, 
filtered and used, the waste is reused and repurposed as well.  The sludge collected in the 
primary treatment of the water is sent to an anaerobic digester, where it remains for 60-90 days.  
Here, the sludge is digested and extruded into a cake of sorts, which is used as a fertilizer, mixed 
with green waste and compost, and injected into the soil using a special tilling tractor.  The 
methane produced in the anaerobic digestion process is harvested and used to power generators 
on site.  The only product that is wasted currently on site is the RO system reject, of which 
approximately ½ million GPD is sent directly to the ocean.  However, plans are underway to 
pipe this concentrate to the head of a lagoon on riparian habitat directly next to the facilities.  
Riparian habitats flourish with salts and heavy metals, the products of RO reject, and can filter 
these out before the water makes its way to the ocean.  The only thing preventing this project 
from moving forward is a lack of funding, but several industries are interested and it is presently 
in the planning stages. 
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Memorandum 
From: Ashley Hemping 
Date: 2/17/11 
Re: Site Visit – Cypress Point Golf Club (recipients of CAWD desalinated water) 
On the afternoon of February 17, 2011, I had the opportunity to meet with Jeff Markow, 
Superintendent of the Cypress Point Golf Club, a recipient of the CAWD desalinate water, for a 
brief interview on the challenges their club faces with water quality, as well as the inevitable 
solution.  The following is a summary of the interview’s findings. 
I arrived at the Cypress Point Golf Club at1:00 PM after speaking with Mark Scheiter at the 
treatment facility where the irrigation water is created from treated wastewater. 
There are 65 irrigated acres on the Cypress Point Golf Club grounds, which are irrigated using a 
Rainbird sprinkler system, which is controlled through a computer system, also connected to a 
weather station.  There are several soil sensors on the grounds which also measure the 
temperature, moisture, and salinity and relay data to the office.  From the months of October to 
March, there is very little need for irrigation, so there are 7-8 months of irrigation annually.   
The golf club receives water from the Carmel Area Wastewater District, and when that began 
2008, the water was too pure, and was killing the grass.  Poa grasses are used for the greens in 
this coastal region, but these grasses are very sensitive to sodium.  High concentrations of 
sodium in the irrigation water would cause sodium particles to attach to receptor sites on the poa 
grasses, inhibiting the uptake of other nutrients.  Without these nutrients, the grasses become 
very susceptible to disease and this was experienced with irrigation with water from the 
wastewater plant before desalination was incorporated. 
However, even after pure desalinated water was provided, the grass continued to die.  The water 
was too pure and the necessary nutrients weren’t being provided to the grasses.  It was 
determined that gypsum should be added, and it is now injected at the wastewater treatment 
facility after the water is treated.  Beginning in October of 2009, the water usage for the golf 
courses in Pebble Beach consisted entirely of reclaimed water, using no potable water for 
irrigation. 
When the initial irrigation water was too saline, the golf courses were doing monthly flushes of 
the greens with potable water.  However, once the MF/RO system was completed, the flushes 
have reduced in frequency to about once per year.  In addition to gypsum injection in the water at 
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the treatment facility, granular gypsum is added on site, applied directly to the greens.  This 
helps to balance out the salts, while the gypsum injection is geared more towards increasing 
infiltration.   
 
 
 
  
44 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX E 
FIFTEEN YEAR AVERAGE MONTHLY RECLAIMED WATER USAGE ON 
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Table 4. Fifteen-year Average Monthly Pebble Beach Golf Course Water Usage 1994 – 2009* 
Month Total Reclaimed Potable % Reclaimed 
Oct 94-08 28,550,000 gal 23,540,000 gal 5,009,000 gal 82% 
 (88 AF) (72 AF) (15 AF)  
Nov 94-08 7,107,000 gal 4,670,000 gal 2,436,000 gal 66% 
 (22 AF) (14 AF) (7 AF)  
Dec 94-08 3,308,000 gal 2,342,000 gal 965,000 gal 71% 
 (10 AF) (7 AF) (3 AF)  
Jan 95-09 2,417,000 gal 1,893,000 gal 524,000 gal 78% 
 (7 AF) (6 AF) (2 AF)  
Feb 95-09 1,641,000 gal 1,459,000 gal 182,000 gal 89% 
 (5 AF) (4 AF) (1 AF)  
Mar 95-09 11,749,000 gal 11,110,000 gal 640,000 gal 95% 
 (36 AF) (34 AF) (2 AF)  
Apr 95-09 28,701,000 gal 22,748,000 gal 5,953,000 gal 79% 
 (88 AF) (70 AF) (18 AF)  
May 95-09 47,446,000 gal 32,269,000 gal 15,177,000 gal 68% 
 (146 AF) (99 AF) (47 AF)  
Jun 95-09 54,392,000 gal 38,128,000 gal 16,263,000 gal 70% 
 (167 AF) (117 AF) (50 AF)  
Jul 95-09 50,200,000 gal 39,136,000 gal 11,064,000 gal 78% 
 (154 AF) (120 AF) (34 AF)  
Aug 95-09 46,124,000 gal 34,545,000 gal 11,579,000 gal 75% 
 (141 AF) (106 AF) (36 AF)  
Sep 95-09 40,853,000 gal 31,450,000 gal 9,403,000 gal 77% 
 (125 AF) (96 AF) (29 AF)  
Total 322,487,000 gal 243,291,000 gal 79,196,000 gal 75% 
 (989 AF) (746 AF) (243 AF)  
*(Markow 2011 
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Memorandum 
From: Ashley Hemping 
Date: 2/25/11 
Re: Site Visit – City of Oxnard Water Treatment Facility – Desalination Plant 
On the morning of February 25, 2011, I was able to meet with David Burch, Chief Operator of 
the Desalination Plant at the City of Oxnard Water Treatment Facility, for a tour of the facilities.  
The following is a summary of the interview’s findings. 
Overall 
I arrived at the City of Oxnard’s Water Treatment Facility, 
Desalination Plant at 9:30 AM. The facility is only 2-3 years 
old, and is a state-of-the-art, LEED silver certified facility. The 
facility is a  part of the Groundwater Recovery Enhancement 
And Treatment (GREAT) program (Figure 1), and  includes 
plans for another facility, to be built south of the desalination 
plant, near the current wastewater treatment facility (Figure 2).   
New Wastewater Treatment Plans 
The current wastewater facility, located at the intersection of Perkins and Hueneme, treats and 
discharges approximately 26 MGD of water directly into the ocean.  The new facility would take 
this treated water and run it through a 4-
step treatment process.  This process 
would start with nanofiltration of the 
water to remove large solids, followed by 
reverse osmosis (RO) desalination to 
reduce the salinity.  After being 
desalinated, the water will enter an 
advanced oxidation treatment, using 
hydrogen peroxide, to remove 
pharmaceuticals, and, finally, be 
disinfected using an ultraviolet 
disinfecting system.  Most of the source 
water for this facility will be recovered, 
but during the RO treatment, Figure 2. New Wastewater Treatment Plan Model 
Figure 1.  GREAT Program 
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concentrated water will remain. This concentrate is planned to be sent through a series of ponds 
outside the facility which will help clean out the heavy metals. It is also planned to discharge this 
water to the wetland area near Port Hueneme. 
The first phase of the project involves the treatment of 6.5 MGD, and is to be launched no later 
than September of this year.  A large portion of the funding for this project is from a stimulus 
grant of $20 million, and requires production to begin by September or funding may be lost.  The 
water treated from this facility will be considered Title 22 water and will not be suitable for 
municipal use, but rather will be used as irrigation water for schools, parks, golf courses, 
agriculture, with the potential for industrial use existing, as well.  By recycling and reusing this 
water, there is less of an emphasis on well-pumping, and seawater intrusion in the area can be 
reduced.  As far as Mr. Burch knew, there were no plans for additional injection treatments, such 
as gypsum, that would make the water less “pure.”   
LEED Certification 
As mentioned, the facilities are LEED silver certified and include cork and concrete flooring.  
Brickwork  comprises the exterior of the buildings, while steel and timber are widely used for 
structural interior components.  The plant’s windows are connected to thermostats, and are 
designed to open and close automatically to aid in ventilating the facilities.  Window blinds are 
also connected to light sensors and open and close as needed.  Many public art installations are 
included on site, including interior murals and outdoor displays.  Grass parking lots were 
installed, but are proving to be more impractical than initially projected.  The roof of the RO 
building is angled and incorporates the use of solar panels.  
Reverse Osmosis Desalination System 
The current reverse osmosis desalination 
plant is used to treat ground water which 
is high in salt concentration due to 
seawater intrusion in the area.  The 
source water for this treatment is pumped 
from the upper aquifer and has a 
concentration around 1600 TDS.  The 
whole RO treatment process reduces this 
concentration to about 45 TDS, making 
it suitable for use.   
The water enters the plant from well 
pumps located south of the facilities, and 
the source water is injected with an anti-scaling agent to protect the RO membranes from scaling 
and then pumped into a series of cartridge filters.  There are 4 cartridge filter units (shown in 
Figure 3), each with 176 cartridges which filter up to 5 micron particles.  Every stage of the 
Figure 3. Cartridge filter units 
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process has been designed for expansion, and the necessary components are in place for future 
installation of another unit.  The pressure upstream and downstream of the filter cartridges is 
monitored, and the cartridges are replaced when the pressure differential reaches 15 psi.   
The turbidity and pH of the source water is monitored 
and recorded, as well as the oxidation-reduction 
potential (which can be problematic if there is any 
chlorine in the water (controls shown in Figure 4). This 
is generally not a problem here, since the ground water 
has low concentrations of chlorine).  A magnetic flow 
meter with a totalizing function is used to measure the 
current flow rate to the RO membranes. 
After the water is filtered, it is sent to the RO 
system, which consists of 3 RO skids, each of which 
contains 69 RO membranes, 46 of which are for first 
stage filtration, and the remaining 23 are for second 
stage treatment (there are 14.7 gallons of water that run 
over every square foot of surface area each day, one of 
the skids is shown in Figure 5).  The membranes are 
low pressure membranes and run at approximately120 
psi, although the pipelines were designed and 
constructed to handle a higher pressure, per the original 
design.  The filtered water enters the 1st stage, where 
approximately 70% of the water is recovered.  The 
concentrate from the 1st stage is then sent to the 2nd 
stage to be treated again.  An additional 10% of the total 
volume is recovered (80% recovery total).  Between the 1st and 2nd stages, a pressure boosting 
impeller couple of sorts has been installed to help 
boost the pressure from stage 1 to stage 2 without 
the use of additional electrical energy (shown in 
Figure 6).  This technology cost $70,000 but is 
estimated to pay itself off within 5 years.  Each 
RO skid has a sample sink, where water samples 
can be taken to test for salinity and aid in 
determining the exact location of any problems 
that may be experienced.  Flow meters also 
measure the flow for each skid at the 
corresponding operating stations. 
Periodic cleaning of the membranes is necessary 
Figure 4. Source water monitoring system 
Figure 6. Pressure boosting impeller couple 
Figure 5. Reverse osmosis skid 
50 
 
 
 
to keep them running properly.  Depending on the nature of the build-up, an acid or base is 
applied to the membranes.  A large storage tank holds the treatment solution, which is run 
through the membranes and returned to another 
storage tank, where the solution is neutralized before 
being disposed of. 
Once the water is filtered and desalinated, the 
permeate is sent to a storage tank outside.  In the 
pipeline leading to the storage tank, there is a site for 
the injection of sodium hydroxide, used to balance pH, 
and sodium hypochlorite, used to add a very small 
amount of chlorine (shown in Figure 7).  The water is 
sent to the storage tank through a stand pipe and then 
dropped into the tank to ensure that a constant 
backpressure is kept on the RO membranes.   
Water leaves the tank by gravity (9-12 psi) and is sent to a room with booster pumps, where the 
pressure is boosted and the water is sent out of the facilities for use.  This water is sometimes 
mixed with other water sources before being used as municipal water. 
Currently, there are plans for additional post-treatment chemical injection and storage.  These 
include fluoride, as required by regulations, and zinc phosphate, to protect pipelines from 
corrosion.  There are facilities in place to store the anti-scaling, sodium hydroxide and sodium 
hypochloride, whose storage tanks are separated by cement walls to prevent the mixing of 
chemicals if significant spillage were to occur.  An energy efficient air compressor is used to 
provide pumping abilities to chemical delivery trucks so that they don’t have to run on diesel gas 
during delivery of chemicals (LEED).   
A water testing room is used to collect and analyze water samples, checking for coliform bacteria 
and other contaminants.  The sample water runs constantly during operation, but the drainage is 
collected and used to irrigate the lawn on the grounds.   
A control room, with SCADA monitoring systems (desalting schematic shown in Figure 8), is 
used to oversee all aspects of the desalination plant, including all monitoring stations and data.  
An electrical room contains the PLCs for all of the operations of the plant.  Three VFD pumps, 
which run the booster pumps downstream of the storage tank, are also located in this room.  
 
Figure 7. Pipeline upstream of storage 
tank with chemical injection 
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Figure 8.  City of Oxnard desalination SCADA system schematic. 
